Pseudomycin A is a cyclic lipodepsinonapeptide phytotoxin produced by a strain of the plant pathogenic bacterium Pseudomonas syringae. Like other members of this family of bacterial metabolites, it is characterised by a fatty acylated cyclic peptide with mixed chirality and lactonic closure. Several biological activities of Pseudomycin A are lower than those found for some of its congeners, a difference which might depend on the diverse number and distribution of charged residues in the peptide moiety. Hence, it was of interest to investigate its conformation in solution. After the complete interpretation of the two-dimensional NMR spectra, NOE data were obtained and the structure was determined by computer simulations, applying distance geometry and molecular dynamics procedures. The conformation of the large ring of Pseudomycin A in solution includes three rigid structural regions interrupted by three short flexible regions that act as hinges. The overall three-dimensional structure of the cyclic moiety is similar to that of previously studied bioactive lipodepsinonapeptides produced by other pseudomonads.
Pseudomycin A is the major component of a family of antimycotic lipodepsipeptides isolated from cultures of Pseudomonas syringae MSU 16H (Harrison et al., 1991) , a bacterium proposed for the biocontrol of Ophiostoma (Ceratocystis) ulmi, the causal agent of the highly destructive Dutch elm disease (Lam et al., 1987) . Recently, the covalent structure of this bacterial metabolite, including the chirality of amino acid residues (Ballio et al., 1994a) , and some of its biological activities (Di Giorgio et al., 1997) have been reported. Pseudomycin A, as well as its congeners Pseudomycin B, Pseudomycin C and Pseudomycin C′, belongs to the group of pseudomonads lipodepsinonapeptides which includes Syringomycins (Segre et al., 1989; Fukuchi et al., 1990a) , Syringotoxins (Ballio et al., 1990; Fukuchi et al., 1990b) and Syringostatins (Isogai et al., 1990) . At variance with the latter metabolites, the pseudomycins contain an aspartate residue and a lysine residue in the peptide moiety, features which might influence their conformation and biological properties. A comparison between the activities of Pseudomycin A and Syrin-gomycin E, the prototype of pseudomonad lipodepsinonapeptides, in a number of in vivo and in vitro biological tests has shown that, in general, the efficiency of Pseudomycin A is lower than that of Syringomycin E (Di Giorgio et al., 1997) .
As a further step towards the complete molecular characterisation of Pseudomycin A, its solution conformation has been investigated by NMR and computer simulation, applying distance geometry (DG) and molecular dynamics (MD) procedures from NMR and NOE spectroscopy data, after the complete assignment of the NMR spectrum.
A similar approach yielded conclusive information on the structure of the lipodepsinonapeptides white line inducing principle (WLIP) (Mortishire-Smith et al., 1991) and Syringotoxin (Ballio et al., 1994b) and of the eicosipentapeptide Syringopeptin 25A .
MATERIALS AND METHODS
NMR spectroscopy. Samples for NMR studies were prepared by dissolving about 1 mg lyophilised sample in 0.8 ml of either D 2O or H2O/D2O (9:1, by vol.). NMR spectra of Pseudomycin A were run at 27°C on a Bruker AMX600 instrument.
Two-dimensional NMR experiments were performed in the phase-sensitive mode with a TPPI (time proportional phase increment) phase cycle (Marion and Wüthrich, 1983) typically using 1 K of memory for 512 increments. Zero filling was used to obtain a 1 Kϫ1 K real matrix. The number of scans was optimised in order to obtain a satisfactory signal/noise ratio.
Correlation experiments were performed using total correlation experiments (TOCSY), with the spinlock composite pulse sequence inserted (Braunschweiler and Ernst, 1983 ) and a typical mixing time of 0.080 s in order to observe both direct and remote connectivities. The mixing time for the NOE magnetisation exchange was 0.080 s.
Data were processed with Bruker two-dimensional NMR software. Free induction decays were weighted by a sinebell apodisation function shifted typically π/3 in both dimensions.
A baseline correction was carried out in both dimensions using a polynomial fit routine present in the same program.
Computer simulations. The search for the structure that accounts for the experimental NOEs was performed by distance geometryϪsimulated annealing (DGϪSA) and molecular dynamics (MD) simulations.
Distance-geometryϪsimulated annealing procedure. DGϪ SA, energy minimisation and the subsequent analysis of the structures were performed using the standard X-PLOR 3.1 version (Brünger, 1988) . The calculations were based on the hybrid distance geometryϪsimulated annealing protocol (Kirkpatrick et al., 1983; Wagner et al., 1987; Nilges et al., 1988) using the force field included in X-PLOR for DGϪSA calculations. Further refinements were performed with the CHARMM empirical energy function MacKerell et al., 1992) . Distances estimated from 2D NOESY spectra were classified into three groups as strong, medium or weak and given upper bounds of 0.32, 0.40 and 0.50 nm, respectively (Kaptein et al., 1988) . For prochiral methylene or methyl groups, pseudoatoms were used and an additional distance term of 0.05 nm was added to the upper distance bounds.
The peptidic torsion angles were restrained in trans conformation by adding a proper dihedral potential. A restraining potential for χ angle of the 2,3-dehydro-2-aminobutanoic (Dhb) residue was included to maintain the Z conformation.
The procedure proposed by Nilges et al. (1988) was used, as described in Fig. 1 . We used 100 cycles of Powell minimisation (Powell, 1977) of van der Waals, bond and NOE terms and 100 subsequent cycles of the bond angle terms to improve the covalent geometry of the embedded structures. This was followed by a molecular dynamics simulation stage, starting at a temperature of 2000 K, to introduce the chirality and planarity. The correct handedness of the structure was established on the basis of the lowest energy of the embedded structures. The subsequent stage was the cooling of the structures to a final temperature of 100 K with increased van der Waals' terms. Finally 200 steps of Powell minimisation of the structures were performed. The obtained structures were then refined by a further simulated annealing stage consisting of 1000 steps of MD calculation at 2000 K and then of 1000 cooling steps to a final temperature of 100 K. The van der Waals' interactions were softened to enable atoms to move through each other. The structures obtained were then subjected to 100 cycles of energy minimisation using the conjugated gradients of Powell algorithm. The criteria of acceptance adopted for the generated structures were: deviation of the actual distance, r ij, from the experimental upper distance, r ϩ ij , determined by the NOE intensity, r ij Յ r ϩ ij ϩ 0.05 nm; rms difference for the covalent bond deviations from ideality of Ͻ 0.001 nm; rms difference for bond angle deviations from ideality of Ͻ 2°.
Cluster analysis. The program MacDendro (Thioulouse, 1989) was used for a cluster analysis. The aim of this analysis is to place structures into clusters, such that structures within a given cluster tend to be similar and structures within different clusters tend to be dissimilar. To do this, a non-hierarchical partitioning algorithm was used: a tentative number of clusters (K) is given as input and the initial partition is set at random; the program output gives the best partition of the structures in the number of clusters chosen. Using different K values as input, the best K can be obtained. The algorithm was applied to the distance matrix between all pairs of spatial structures. The distance matrix was obtained as follows: given a set of N structures, for each pair of structures ij, the distances between the same backbone atoms in the two structures were calculated and the root mean square r ij of all the distances (rmsd) was obtained. r ij represents the element of the distance matrix, so that each structure is represented by a row of N elements in the matrix and can be represented by a point in an N-dimensional space. Hence, the ensemble of N structures gives rise to a cloud. The cloud can be partitioned into clusters and the quality of the partition can be judged by the inertia ratio R ϭ (between clusters moment)/(total moment); the higher R is, the better the partition. Most of the algorithms used in MacDendro are described by Roux (Roux, 1985) .
Energy parameters. The CHARMM force field was used to model the peptide (Brooks et al., 1983 b; MacKerell et al., 1992) , and the TIP3P model was used for water (Jorgensen et al., 1983) . Polar hydrogen atoms were explicitly included in this model and the hydrogen bond was modelled as a purely electrostatic interaction. Electrostatic interactions were truncated on a group basis at a distance of 0.9 nm. A dielectric constant of 1 was used.
Restrained molecular dynamics in vacuo. The calculations were based on an energy function approach: the total energy of the molecule was given by the combination of an empirical and an effective energy term.
The empirical potential energy function contained terms representing bond angles, dihedrals, improper dihedrals, and van der Waals' and electrostatic interactions. The effective energy function for the distance restraints, E dist , used was
where r ϩ ij is the upper bound of the distance previously reported and, r ij is the calculated distance; k dist was set at 4186 kJ · mol Ϫ1 · nm Ϫ2 . All bond lengths were kept fixed with the SHAKE algorithm (Ryckaert et al., 1977) . The temperature of the system was kept constant by weak coupling to a thermal bath (Berendsen et al., 1984) . The time step of integration was 2 fs. The MD protocol was the following: after 100 steps of Powell minimisation (Powell, 1977) 30 ps of MD simulation in vacuo were performed including the NOE restraints.
Stochastic boundary molecular dynamics. MD simulations in water were carried out with the stochastic boundary method Brooks et al., 1985; Brünger et al., 1985) . They included an approximately spherical region centred on the N atom of serine, with a radius of 1.4 nm. The sphere was filled with water molecules, so that a total of 980 water molecules resulted. After termalisation, each simulation was run for 130 ps. The last 100 ps were used for analysis. In these simulations the effective energy function, E dist , was switched off.
RESULTS
The covalent structure of Pseudomycin A is reported in Fig. 2 .
NMR spectroscopy. The two-dimensional NMR spectra led to the individual assignment of all residues and the NOEs observed eventually allowed the determination of the conformation in solution. The experiments were performed both in D 2 O and in H 2 O/D 2 O (9:1 by vol.).
The complete assignment of the resonances was achieved by the TOCSY spectrum, which identified all the spin systems of the residues.
Particularly, the resonances present in the olefinic region, with a quartet of 1:3:3 :1, could be easily assigned to the protons of the CH groups of the Dhb moiety as found in other lipodepsipeptides (Segre et al., 1989; Ballio et al., 1990 Ballio et al., , 1991 Ballio et al., , 1994b .
In the aliphatic region the assignments were based on the direct and remote scalar connectivities in TOCSY experiments and on the chemical shift values reported in the literature (Gross and Kalbitzer, 1988) .
The complete assignment of the resonances of the NMR spectrum is given in Table 1 .
The fingerprint region of the TOCSY spectrum in H 2 O/D 2 O (9 :1 by vol.) indicated the direct connectivity between the resonances of NH and those of C A H protons of the backbone (spectrum not shown). Together with the NOESY spectrum allowed the complete sequential assignment has been obtained.
NOE cross-peaks were observed among resonances and used for the determination of the solution structure of Pseudomycin A. All NOE cross-peaks indicating the through-space proximity observed, are summarised in Table 2 , together with an estimate of their relative intensity. The observed NOEs are not homogeneously distributed along the structure. This indicates that there are flexible regions in the molecule which cancel the specific protonϪproton magnetisation transfer. The measure of the dependence on temperature of the chemical shift of the NH amide protons of Pseudomycin A (Table 3) shows that some protons are shielded from solvent accessibility in the chemical exchange. In particular, the rather small temperature coefficient of the NH of A 2 bu3, Lys5, allo-Thr7, Dhb8 and Asp(OH)9 indicates that they are involved in a hydrogen bond.
Computer simulations. Distance-geometry-simulated annealing and cluster analysis. DG-SA computations were performed including in the calculations the NOE restraints obtained by NMR data as reported in the experimental section.
Fifty final structures were generated and the 30 best structures (low NOE violations and low total energies) were retained for further analysis. The cluster analysis showed that the structures could be grouped into two classes: I and II. The rmsds among the backbone atoms were 0.08 nm and 0.11 nm for classes I and II, respectively, and the rmsd between the average structures of each class was 0.50 nm. The two clusters are well separated in space. In fact the centroides of the two clusters are 0.76 nm apart; class-I cluster is completely contained within a hypersphere of 0.35 nm radius, while class-II cluster is contained within a hypersphere of 0.37 nm radius. 
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It has to be pointed out that the experimental NOE restraints involve mainly the backbone atoms. As a consequence, the structures obtained are more reliable for the backbone than for the side chains.
The structure of each class with the lowest deviation from the average structure was taken as the most representative structure of the class and was used for further MD simulations. Structural statistics for class I (15 structures) and class II (15 structures) and differences between atomic rmsds are given in Table 4 .
Molecular dynamics simulations. The most representative structure of each class was subjected to 30 ps MD simulation in vacuo followed by 130 ps MD in water.
The simulations in vacuo and in water gave comparable results in terms of the overall shape of the molecule. The main differences were due to a rotation of the dihedral angles involving the Ser2 and the lactone ring closure for class-I structure and the Ser2 for class-II structure, respectively, and to the presence of the hydrogen bonds. Hereafter we will discuss the results obtained in the last 100 ps of the simulation in water. The average potential energies of the two classes are comparable within one standard deviation, being 1806Ϯ 64 kJ/mol and 1773Ϯ 78 kJ/mol, for class I and II, respectively. The two classes showed a different pattern of hydogen bond network, as reported in Table 5 . The chemical shift behaviour of the NH proton resonances, reported in Table 3 , can be compared with the hydrogen bonds observed in the MD simulation (Table 5 ). The NMR results (Table 3) indicate which protons are shielded from solvent and less accessible to exchange dynamics. Table 5 shows that class-I structure exhibits three hydrogen bonds with good donoracceptor distance and angle; they are the N A 2 bu3Ϫ O Fat1, N Asp(OH)9ϪO Lys5 and N Asp(OH)9ϪO A 2bu6, respectively. The amidic protons involved have small temperature coefficients. The two other hydrogen bonds of class I, N Dhb8Ϫ O Lys5 and N A 2bu6ϪO Asp4, have less favourable angular values (111°and 103°, respectively) and involve amidic protons with intermediate and large temperature coefficients, respectively. Thus, the hydrogen bonds observed in the MD simulations are confirmed by the experimental NMR data. However, the NMR data show that two other amidic protons are involved in (intramolecular) hydrogen bonds : the HN of Lys5 with an intermediate temperature coefficient and the HN of allo-Thr7 with a small temperature coefficient. Though they were not involved in hydrogen bonds in the simulation in water, they were involved in the simulation in vacuo. In addition, the average donorϪac-ceptor distances N allo-Thr7ϪO Lys5 and N Lys5ϪO Ser2 and NϪ H · · · O corresponding angles in water were 0.35 nm and 70°and 0.40 nm and 126°, respectively, thus suggesting that they could be detected by a wider sampling of the conformational space allowed for class I, i.e. with a much longer simulation. To speed up the simulation, a new simulation was performed in water at a temperature of 325 K. In this simulation we have observed, with small occurrence, two additional hydrogen bonds : one between the amidic proton of allo-Thr7 and the oxygen of Lys5 and one between the amidic proton of Lys5 and the oxygen of Ser2, respectively. The hydrogen bond pattern of class-II structure is different. A comparison of the MD and NMR results shows that the experimental data account for two amidic protons, HN of A 2bu3 and HN of allo-Thr7, with small temperature coefficients, not involved in any intramolecular hydrogen bond in the MD simulation in water. MD simulations in vacuo and in water at a temperature of 325 K did not show any intramolecular hydrogen bond for these protons. It may be concluded that the hydrogen bond pattern exhibited by class-I structure corresponds better than that of class-II structure to the experimental evidence.
In Table 6 the distance violations which occurred in the simulation are reported. Again, the class-I structure shows a better agreement with the experimental data than does that of class II.
Structural analysis of classes I and II. In Table 7 the secondary structures found in the MD simulation in water are reported (Table 7) . The class-I structure is characterised by the presence of four consecutive turns. The sequences Fat1ϪSer2ϪA 2 bu3 and Asp4ϪLys5ϪA 2 bu6 form two γ-turn structures although the /ψ torsion angles deviate from the usual values, being 2 and ψ 2 67°and Ϫ69°(with rms fluctuations of 4°and 13°) and 5 and ψ 5 61°and Ϫ95°(with rms fluctuations of 7°and 17°), respectively (Rose et al., 1985) . A β turn involves the residues Lys5ϪA 2 bu6Ϫallo-Thr7ϪDhb8, stabilised by a hydrogen bond between CO of Lys5 and NH of Dhb8 with an occurrence time of 76%; it can be defined as type II′ with 6 , ψ 6 , 7 and ψ 7 averaged dihedral angle values of 52°, Ϫ150°, Ϫ66°and Ϫ27°a nd rms fluctuations of 6°, 17°, 13°and 11°, respectively. Finally, a second β turn involving the residues A 2 bu6Ϫallo-Thr7Ϫ Dhb8ϪAsp(OH)9, stabilised by a hydrogen bond between CO of A 2 bu6 and NH of Asp(OH)9, is present with 7 , ψ 7 , 8 and ψ 8 averaged dihedral angle values of Ϫ66°, Ϫ27°, Ϫ55°, Ϫ44°a nd rms fluctuations of 13°, 11°, 9°and 7°, respectively and an occurrence time of 54% ; it can be defined as a type III β-turn (Rose et al., 1985) .
Due to the flexibility of the torsion angles involved, a conformational flexibility, in particular of the region from residue 6 to 9, is observed. In Fig. 3 a the superposition of the conformations obtained every 4 ps is reported.
The class-II structure also has four consecutive turns. The sequences Ser2ϪA 2 bu3ϪAsp4 forms a γ-turn structure although the /ψ torsion angles deviate from the usual values, being 3 and ψ 3 67°and Ϫ100°(with rms fluctuations of 5°and 10°), respectively (Rose et al., 1985) . A β turn is stabilised by a hydrogen bond between CO of A 2bu6 and NH of Asp(OH)9, with an occurrence time of 100%. The average /ψ dihedral angles are 7 ϭ 37°, ψ 7 ϭ 46°, 8 ϭ 71°and ψ 8 ϭ 14°with rms fluctuations of 4°, 8°, 9°and 19°, respectively. This β turn corresponds to the one observed in conformer I; however, they are of a different type, the former being of III′ type, although i , ψ i , iϩ1 , ψ iϩ1 dihedral angles somewhat deviate from the standard values (Rose et al., 1985) . Another β turn, with an occurrence time of 94% is stabilised by a hydrogen bond between CO of Lys5 and NH of Dhb8. It has /ψ dihedral angles with average values of 6 ϭ 54°, ψ 6 ϭ 33°, 7 ϭ 37°and ψ 7 ϭ 46°and rms fluctuations of 5°, 5°, 4°and 8°, respectively. This β turn corresponds to that observed for conformer I, but also in this case of different type, being of type III′, although i , ψ i , iϩ1 , ψ iϩ1 dihedral angles somewhat deviate from the standard values (Rose et al., 1985) . Another β turn is stabilised by a hydrogen bond between CO of Ser2 and NH of Lys5, with average dihedral 3, ψ3, 4, ψ4 angles of 67°, Ϫ100°, Ϫ85°and Ϫ15°and rms fluctuations of 5°, 10°, 9°and 11°, respectively. This turn can be classified as a II′ β turn. No appreciable temporal changes in the values of /ψ angles were observed in the molecular dynamics trajectory. This imparts some higher conformational rigidity to the whole backbone ring of the class-II structure relative to the class-I structure. The superposition of the conformations obtained every 4 ps is reported in Fig. 3 b.
An examination of the resulting structures shows that the two classes have three backbone regions which are comparable with respect to conformation. The first one extends from C A of A 2 bu6 to C A of Dhb8, as shown in (Fig. 4 a) . The rmsd of backbone atoms C A , N, C in residues, between the average class-I structure and the average class-II structure, is 0.05Ϯ 0.02 nm. The second one extends from C A of Ser2 to C A of Lys5, as shown in Fig. 4 b. The rmsd of backbone atoms C A , N, C, O in residues, between the average class-I structure and the average class-II structure, is 0.04 Ϯ0.03 nm. The third region includes the Nterminal Ser2 and the C-terminal Asp(OH)9 and allo-Thr(Cl)10 residues involved in the lactonic ring closure (Fig. 4 c) . The rmsd of backbone atoms C A , N, C in residues, atoms C β and O γ of Ser and C1, C2 of fatty acid, between the average class-I structure and the average class-II structure, is 0.05Ϯ 0.02 nm. A few backbone /ψ dihedral angles vary markedly between class-I and class-II structures. These are 2 , ψ 5 , ψ 5 , ψ 6 , 8 and 9 and are responsible for the overall shape difference between the two structures.
The fatty chain in both classes is almost flexible, in agreement with the observation of only one contact involving the fatty chain, namely with Ser2.
In Fig. 5 the conformation of the class-I structure, which better corresponds than the class-II structure to the experimental NMR data, is shown.
DISCUSSION
Knowledge of the conformation in solution of bioactive substances that interact with biological membranes is an important requirement for the interpretation of their mode of action at the molecular level. The present paper reports the three-dimensional solution structure of Pseudomycin A, a bacterial amphiphilic lipodepsinonapeptide which belongs to a family of compounds affecting several membrane functions in plants (Iacobellis et al., 1992; Di Giorgio et al., 1994 , 1996a , b, 1997 Camoni et al., 1995) . The solution structure was elucidated by computer molecular simulations applying both DG and MD methods with the use of NOE data collected from fully assigned 2D NMR spectra (Ballio et al., 1994a) . Classes I and II of conformers were obtained from the simulations. Class-I showed conformers that corresponded better to the NMR data. While the 2,3-dihydroxy fatty acyl is substantially unstructured, as previously found for some related products (Ballio et al., 1994b , the 28-membered peptide cycle is notable for its content of some secondarystructure elements joined to mobile hinges.
The overall three-dimensional structure in solution of Pseudomycin A is probably conditioned by two peculiar features of the molecule: the presence of a Dhb acid residue, which confers some conformational rigidity to the peptide chain, and the alternation of chiralities, which produces a conformational preference for turns (Wilmot and Thornton, 1988) .
Similarly to Syringotoxin, Pseudomycin A shows a ring conformation which resembles the seam of a tennis ball, found for the first time in the bioactive lipodepsinonapeptide WLIP, produced by Pseudomonas. reactans (Mortishire-Smith et al., 1991) .
An interaction of Pseudomycin A with biological membranes is suggested by the striking similarity of its activities (Iacobellis et al., 1992; Di Giorgio et al., 1994 ) with those of other natural peptides which affect the integrity of natural and artificial membranes (Saberwal and Nagaraj, 1994) . Specific studies demonstrated that Syringomycin E and Syringopeptins 22A, 22B and 25A act like biosurfactant or ion-channel-forming compounds on biological membranes (Hutchinson et al., 1995; Hutchinson and Gross, 1997) and phospholipid bilayers (Camoni et al., 1995; Feigin et al., 1996 Feigin et al., , 1997 . It is likely that the lipophilic character of Pseudomycin A, resulting from the presence of the fatty acid tail, is the prerequisite for this interaction. The likely association of the cationic cyclic region with the anionic head groups of the phospholipids might further favour this interaction.
